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Abstract—This paper presents simulation results of wave
propagation in a anatomic realistic head phantom for the purpose
of obtaining the feasibility of detecting brain matter affected by a
simulated stroke. An elliptical array of transmitter and receiver
locations are defined and the differences in the fields created by
the presence of the simulated stroke were simulated using a 3-D
FDTD method and subsequently quantified.
Index Terms—Microwave imaging, brain modeling, medical
diagnosis.
I. INTRODUCTION
A stroke is a disturbance in the blood supply to the brain,
caused by either a blocked or burst blood vessel. Consequently
brain tissue is denied oxygen and glucose resulting in rapid
loss of brain functions and often death. Strokes are the leading
cause of adult disability in the world and is the number two
cause of death worldwide. A stroke can be identified into
two major categories: ischemic and hemorrhagic. An acute
ischemic stroke which accounts for approximately 85% of all
strokes, is where blood supply to part of the brain is decreased
by thrombosis (obstruction of a blood vessel by a blood clot
forming locally) or a embolism (obstruction due to an embolus
from elsewhere in the body). A hemorrhagic stroke is where
a blood vessel bursts inside the brain. The blood accumulates
and compresses the surrounding brain tissue.
A patient suffering from a suspected stroke is a medical
emergency. From the onset of symptoms the treating physi-
cians have three hours to identify the type of stroke and
administer the correct medication or the effected brain tissue
will be irreversible injured and death soon resulting. The
symptoms of a stroke are varied and can include difficulty
swallowing, weakness or clumsiness, slurred speech, difficulty
with reading, dizziness and an altered feeling on one side [1].
The resultant differential diagnoses are also varied and may
include: migraine, epilepsy,syncope, intracranial structural le-
sions and multiple sclerosis [1]. Diagnosis is typically clinical
using a neurological examination followed by medical imaging
devices (e.g. cat scan (CT), magnetic resonance imaging
(MRI), Doppler ultrasound and arteriography). Typically for
an acute ischemist stroke, the clot is either broken down by
medication (thrombolytics), or by mechanically removing the
clot (thrombectomy) however, a firm and early diagnosis is
required for successful treatment. Although current imaging
systems such as the CT and MRI are adequate in identifying
the location and type of a stroke, they do not offer a fast,
cost effective and portable system, nor are they accessible at
rural medical clinics, or carried by first response paramedical
teams.
A recent article proposed using microwave electromagnetic
radiation to supplement current diagnostic methods as it may
potentially provide a fast, cost effective and portable detection
system [2]. This proposal was based upon recent studies
that demonstrated tissue malignancies, blood supply, hypoxia,
acute ischemia, and chronic infarction significantly change
dielectric properties of the effected tissue [2] [3]. An open
question now exists as to whether stroke detection using mi-
crowave radiation is feasible. The aim of this article is to begin
answering this question by using an anatomically realistic
phantom head with and without a simulated stroke, and a 3-
D finite-difference time domain (FDTD) method to predict
the electromagnetic fields. The paper is organized as follows.
Section II gives a discussion on the basis of microwave brain
probing. Section III describes the realistic phantom model used
in the experiments. Section IV describes the FDTD simulator
and the parameters used in the experiments. Section V presents
the results obtained while lastly, section VI concludes the
paper.
II. MICROWAVE BRAIN PROBING
In the proposed method, probing the brain works by ex-
posing tissues to low-levels of electromagnetic energy at
microwave frequencies and capturing the scattered electromag-
netic energy. Subsequently the estimation of the dielectric pro-
files of the imaged body are constructed or, in the case of ultra-
wideband breast cancer detection [4], significant scatterers are
directly located. Applying either method to probe the brain
presents some obvious difficulties. At microwave frequencies
(0.3 - 30GHz), the brain is surrounded by a high contrast
dielectric shield comprising of the skin (r ∼ 31− 73), skull
(r ∼ 3−15) and cerebral fluid (r ∼ 52−88). Determining the
optimal spectrum in which to couple electromagnetic energy
into the brain matter is expected to be extensively researched.
Relatively high microwave frequencies, such as those used in
ultra-wideband breast cancer detection (3-11GHz), although
high resolution may lack the required penetration into the
brain. Lower frequencies (< 3GHz) however, would allow for
a higher penetration but would be insensitive to small regions
of dielectric changes. In [2], it was asserted frequencies above
2GHz were unfeasible due to the high signal attenuation and
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Tissue r σ
Skin 40.936 0.89977
Skull 12.363 0.15566
Bone Marrow 5.4854 0.042803
Cerebral fluid 68.439 2.4552
Gray Matter 52.282 0.98541
White Matter 46.399 0.82431
Fat 5.447 0.053502
Trachea 41.779 0.80232
Cartilage 42.317 0.82886
Stroke Region 36 0.15
Eyeball 55.017 1.2056
Cerebral Falx 44.201 0.9933
Teeth 12.363 0.15566
Tongue 55.017 0.97508
Blood 61.065 1.5829
Spinal Cord 32.252 0.59997
Skeletal Muscle 54.811 97819
Gland 59.47 1.0788
Esophagus 64.797 1.2316
Mouth & nose cavity 1 0
TABLE I: Dielectric properties of the biological tissues used
in the phantom model at 1GHz
reported successful image reconstruction using a frequency
range of 0.5MHz - 2GHz applied on a 2-D model with
circular objects to represent a head. As such, we were inclined
for our experiments to use an operating frequency of 1GHz.
Also, it was reported in [3], that the dielectric contrast was
significantly higher at lower microwave frequencies of stroke
effected tissues compared to higher frequencies.
III. PHANTOM MODEL
The phantom human head was taken from [5] which
originated from a detailed MRI scan. The phantom consists
of 256 × 256 × 128 cubical elements with dimensions of
1.1mm×1.1mm×1.4mm respectively. The phantom head is
given in Figure 1 where the top section of the head has been
omitted to show the high detail of the brain matter.
The creators of the phantom model have also made available
a data-set to indicate what tissue each cells belongs too.
Furthering this, research done into the dielectric properties
of biological tissue (see for example [6]) can be used to
complete the model for microwave simulations. The tissue and
the associated dielectric properties used in this article are given
in table giving 20 unique body tissues used in the phantom.
The r and σ values for normal tissues was obtained from [6],
while the the stroke effected region was the same as what was
used in [2].
IV. FDTD
The finite difference time domain was chosen as the electro-
magnetic field simulator for this experiment. The mathematical
model of this method is based on Faraday and Amperes time-
domain equations. In a Cartesian coordinate system (x, y, z),
these are represented with six scalar equations that form an
independent set of coupled relationships between the time-
varying electric (∂Ex/∂t, ∂Ey/∂t, ∂Ez/∂t) and magnetic
fields (∂Hx/∂t, ∂Hy/∂t, ∂Hz/∂t). The FDTD method re-
solves these equations in the time domain by applying central
Fig. 1: Phantom head with the top half omitted to show the
high detail of the brain matter.
differences to the time and space derivatives. The fields at
a future time are thus computed from the values of a past
time instant. The method runs for a finite number of time
steps which simulates the progression of the fields in time.
Incorporating the phantom model into the FDTD simulator
was done quite simply by matching the same element size;
thus in the FDTD, Δx = 1.1mm, Δy = 1.1mm and
Δz = 1.4mm, and the number of cells in the x and y axis
was 256. It was convenient to extend the number of cells in
the z-axis to allow space for the transmitter antenna which
will be discussed shortly.
In this experiment 16 possible locations for one transmitter
antenna and 15 probes to record the change of the field in time
are defined. These are given in Figure 2 showing an elliptical
configuration. Location 1 is defined 22mm from the head to
avoid contact from the nose while, locations 5 and 13 are
defined 16.5mm from the head to avoid contact of the ears. The
number referencing for each location used in this Figure will
be later used in the discussion of the results. This Figure also
shows the location of the tissues affected by a simulated stroke
as the lower contrast circular object near locations 5, 6 and
7. The effected tissue is modeled as a cylinder with diameter
30mm and a height of 10mm. The z-axis centre of this cylinder
was aligned with the phase centre of the transmitter antenna.
Berenger’s perfectly matched layers [8] were used to truncate
the 256× 256× 256 celled finite-difference domain.
The transmitter antenna is situated in freespace without any
matching medium and is a vertically polarised, λ2 at 1GHz,
thin-wire dipole resonating with an average S11 of -15dB when
placed at any of the locations in Figure 2. The thin-wire FDTD
field approximate equations found in [7] is used to simulate
the fields surrounding the dipole while an excitation source
with a generator impedance of 50Ω is applied to excite the
antenna. The excitation is a 1Vp−p sinusoidal signal oscillating
at 1GHz. It is applied for two time periods and subsequently
set to zero. The steady state input power can be found using:
Pin (ω) = Re (V (ω)× I∗(ω)) (1)
where * denotes the complex conjugate and V and I are the
frequency domain voltage and current signals at the feed of
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the antenna. In this experiment the steady state input power at
1GHz is approximately -14dBm. A time increment of 2.267pS
is applied at each time step. The simulation of this model is
performed for 5000 steps where the fields decay approximately
to zero.
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Fig. 2: Possible locations for the transmitter antenna and
receiver probes.
V. RESULTS
A. Wave Propagation in the Phantom
A convenient aspect of time domain solvers is they allow
animation of the entire process of wave launching, propaga-
tion, reflection and scattering. For brevity however, only a time
snapshot of the fields at the 2000th time step for when the
transmitter is placed at location 1 is given in Figure 3. This
Figure shows a fraction of the launched wave has coupled
in to the brain matter and seemingly travels along the x-axis
through the brain.
B. Scattered Field
In this experiment the transmitter antenna is placed at each
location and the scattered Ez field is recorded at the remaining
locations for when the phantom head had normal and the
stroke effected tissues. The recording scattered data for both
cases as a function of time was scaled and normalised and
subsequently subtracted, squared and summed to quantify the
presence of the effected tissue. Figure 4 shows the result where
Δ denotes the computed difference. There is evident change
in the scattered electromagnetic field for when the transmitter
is placed in three regions: locations 1, 6 and 11 causing the
fields to change at locations 6, 13 and 7 respectively.
Figure 5 shows Ez as a function of time at position 6
when the transmitter is placed at location 1. Particularly at an
approximate time step of 2400, distortion of the waveforms is
evident. Figure 6 shows Ez as a function of time at position 13
when the transmitter is placed at location 6. In this instance no
distortion is evident, however there is a slight but observable
phase difference produced at an approximate time step of
2000. The time domain waveform for the third region is given
Fig. 3: Ez at time step 2000 when the transmitter is positioned
at location 1.
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Fig. 4: Squared difference (Δ) between Ez scattered fields
with and without stroke effected tissue for when the transmitter
is placed at each defined location.
in Figure 7 showing the two waves are in phase but with a
slight amplitude difference is shown.
Table II gives the transmission coefficients at 1GHz for
the three transmitter and receiver locations that show the
most change when the stroke effected tissue is included in
the FDTD simulation. This table shows T13,6 to have the
largest phase shift difference of 3.3◦ followed by T6,1 and
T7,11 as was expected. Little variation in the magnitude of
the coefficients is evident; the highest difference being seen
in T7,11 with a difference of 0.09dB. With most available
vector network analysers having a dynamic range of > 120dB
detecting signals with the given steady-state input power and
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Fig. 5: Ez as a function of time at position 6 when the
transmitter is placed at location 1. Normal brain tissue (-) ;
Stroke effected tissue (- -)
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Fig. 6: Ez as a function of time at position 13 when the
transmitter is placed at location 6. Normal brain tissue (-) ;
Stroke effected tissue (- -)
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Fig. 7: Ez as a function of time at position 7 when the
transmitter is placed at location 11. Normal brain tissue (-)
; Stroke effected tissue (- -)
transmission coefficients in table II is quite possible.
Tx. Coefficient Normal Tissue Stroke Effected Tissue
T6,1 -70.42dB ∠+34.56◦ -70.48dB∠+32.60◦
T13,6 -61.24dB∠+129.63◦ -61.18dB∠+132.94◦
T7,11 -51.23dB∠−155.09◦ -51.14dB∠−154.45◦
TABLE II: Transmission coefficients at 1GHz for the three
transmitter and receiver locations that showed the most change
when the stroke effected tissue was included in the FDTD
simulation.
VI. CONCLUSION
This paper has presented simulation results of wave prop-
agation in a anatomic realistic head phantom for the purpose
of detecting brain matter affected by a simulated stroke. An
elliptical array of antenna locations situated in freespace and
surrounding the head were simulated using a 3-D FDTD
method. The paper has provided initial evidence that the
simulated stroke region of radius 15mm can be detected from
the received signals. In the presented configuration the most
pronounced effect is in the received phase of the signal. Future
work will thus include:
1) A detection or imaging algorithm utilising the phase
variance.
2) Investigation on the efficacy of matching mediums in
coupling more energy into the brain.
3) Investigation on the required sensitivity of the probes to
detect various sized stroke affected tissues.
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